The effect of polymeric substances such as -cellulose, birchwood xylan, corn hull, and sugarcane bagasse, and of soluble sugars such as L-arabinose, D-galactose, Dglucose, D-xylose, and cellobiose, on the induction of multienzyme complexes in a facultatively anaerobic bacterium, Paenibacillus curdlanolyticus B-6, was investigated under aerobic conditions. Cells and culture supernatants of strain B-6 grown on different carbon sources were analyzed. Cells grown on each carbon source adhered to cellulose. Hence strain B-6 cells from all carbon sources must have an essential component responsible for anchoring the cells to the substrate surfaces. Native-polyacrylamide gel electrophoresis (native-PAGE), sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), zymogram analysis, and enzymatic assays indicated that many proteins having xylanolytic and cellulolytic activities from P. curdlanolyticus B-6 grown on each carbon source were produced as two multienzyme complexes in the culture supernatants. These results indicate that P. curdlanolyticus B-6 produced multienzyme complexes when grown on both polymeric and soluble sugars. The multienzyme complexes of P. curdlanolyticus B-6 consisted of the main enzymes and non-enzymatic subunits and the production of some different subunits, depending on the carbon source.
wall degrading enzymes have become increasingly important in the hydrolysis of naturally abundant lignocellulosic substances to valuable products such as fermentable sugars, liquid fuels, and other chemical products. 2) Microorganisms synthesize a number of different cellulolytic and xylanolytic enzymes in order to utilize cellulose or hemicellulose, since they exist as complex substrates. In some microorganisms, these enzymes are found in a cell-associated complex called cellulosome [3] [4] [5] or xylanosome. 6) Cellulosomes have been identified and characterized in anaerobic cellulolytic clostridia such as Clostridium acetobutylicum, C. cellulolyticum, C. cellulovorans, C. josui, C. papyrosovens, and C. thermocellum, and in cellulolytic fungi such as Neocallimastix patriciarum, Orpinomyces sp., and Piromyces sp. 7, 8) A few cellulase systems containing multienzyme complexes e.g., Bacillus circulans F-2 9) from aerobic microorganisms, have also been reported. On the other hand, discrete multienzyme complexes, xylanosomes, having a structure analogous to the cellulosomes, are found in only few microorganisms, such as Butyvibrio fibrisolvens H17c 10) and Streptomyces olivaceoviridis E-86. 6) Recent work in our laboratory determined that the facultatively anaerobic bacterium P. curdlanolyticus B-6 grown on xylan under aerobic conditions produces an extracellular xylanolytic-cellulolytic enzyme system that exists as two multienzyme complexes with high molecular weights, of 1,450 kDa and 400 kDa. 11) Many investigators have reported that the synthesis of cellulosome assemblies requires the presence of crystalline cellulose under anaerobic conditions, and that synthesis hardly occurs in growth on glucose or other soluble carbohydrates. 7) Although much knowledge has been accumulated about the cellulosome produced by anaerobes, little is known about the multienzyme complex in P. curdlanolyticus. In this paper, y To whom correspondence should be addressed. Tel: +66-2-470-7755; Fax: +66-2-452-3479; E-mail: khanok.rat@kmutt.ac.th Abbreviations: CMC, carboxymethylcellulose; CMCase, carboxymethyl cellulase; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate buffered saline we describe and compare the induction and synthesis of the multienzyme complexes in P. curdlanolyticus B-6 grown on polysaccharides and soluble sugars under aerobic conditions.
Materials and Methods
Bacterial strain and growth condition. The P. curdlanolyticus B-6 used in this study is a facultatively anaerobic bacterium. It was isolated from an anaerobic fermentor fed with pineapple waste. The strain was identified by 16S rRNA gene analysis. 11) P. curdlanolyticus B-6 was cultivated aerobically at 37 C in Berg's mineral salt medium containing 0.5% carbon sources in a rotary incubator at 200 rpm at pH 7.0. 12) Carbon sources. L-Arabinose, D-glucose, D-galactose, and D-xylose were purchased from Merck (Darmstadt, Germany). Cellobiose, -cellulose, birchwood xylan, carboxymethylcellulose (CMC), p-nitrophenyl -D-cellobioside, p-nitrophenyl -D-glucopyranosideand, and pnitrophenyl -D-xylopyranoside were from Sigma (Saint Louis, MO, USA) Avicel was from Fluka (Buchs, Switzerland).
Agricultural residues, corn hull, and sugarcane bagasse, which were used as carbon sources, were cut by scissors to a small size, then ground in a blender and sieved to 40-mesh size. After they were washed several times with warm water to remove residual sugars, the ground agricultural residues were dried at 50 C and kept for later use.
Induction experiments. The bacterial cells, grown in a medium containing 0.5% glucose up to the late exponential phase, were washed 4 times with fresh sterilized mineral salt medium without any carbon sources and then resuspended in the same fresh medium. Aliquots of this suspension were rapidly mixed with media containing various carbon sources, such as Larabinose, D-glucose, D-galactose, D-xylose, cellobiose, -cellulose, birchwood xylan, corn hull, and sugarcane bagasse, and incubated at 37 C on a rotary shaker. The cells were harvested in the late exponential growth phase to test the adherence of the cells to insoluble cellulosic materials, while the culture supernatants were collected in the late stationary growth phase for assays of enzymatic activities, protein patterns, and zymograms analysis.
Adherence test of bacterial cells to insoluble cellulosic material. Experiments in the adhesion of P. curdlanolyticus B-6 cells to crystalline cellulose (Avicel) were conducted by the method of Ponpium et al. 13) The cells were harvested by centrifugation at 8;000 Â g for 10 min at the appropriate time of growth and washed 3 times with phosphate buffered saline (PBS) containing 150 mM sodium chloride and 100 mM sodium phosphate buffer (pH 7). A washed cell suspension was brought to a total volume of 3 ml with 1 ml of 20% (w/v in PBS) Avicel and 1 ml of PBS. The suspension was vortexed for 60 s, and cellulose adsorbing the bacterial cells was allowed to settle at room temperature for 30 min. The turbidity of the suspension was measured at 400 nm and compared with that of an identical cell suspension wherein PBS was substituted for the cellulose suspension.
Assays of enzymatic activities. The enzymatic activities on CMC (carboxymethyl cellulase or CMCase), -cellulose (cellulase), and birchwood xylan (xylanase) were assayed at pH 7.0 at 50 C for 10 min. The released sugars were measured by the Somogyi-Nelson method. 14) Each reaction mixture consisted of 0.5 ml of 1% substrate in 50 mM phosphate buffer pH 7.0 and 0.1 ml of an enzyme solution. One unit (U) of enzyme activity was defined as the amount of enzyme that liberated 1 mmole of reducing sugars per min under the above conditions. Activities on p-nitrophenyl -D-cellobioside (cellobiosidase), p-nitrophenyl -D-glucopyranoside (-glucosidase), and p-nitrophenyl -D-xylopyranoside (-xylosidase) were also assayed at pH 7.0 at 50 C. Each reaction mixture consisted of 0.5 ml of 1 mM substrate in 50 mM phosphate buffer, pH 7.0, and 0.25 ml of an enzyme solution. The incubation time was 30 min. Then 0.5 ml of 1 M sodium carbonate solution was added. The released p-nitrophenol was measured by the absorbance at 400 nm. One unit of enzyme activity (U) was defined as mmoles of p-nitrophenol released per min of enzyme solution.
Protein determination. The protein concentration was measured as described previously by the method of Lowry et al. 15) using bovine serum albumin as the standard.
SDS-PAGE, zymograms, and native-PAGE. SDS-PAGE was performed on a 7% polyacrylamide gel by the method of Laemmli. 16) After electrophoresis, the proteins were stained with Coomassie brilliant blue R-250. The molecular weight standards used were from a molecular weight calibration kit (Pierce, Rockford, IL, USA). Xylanase and CMCase zymograms were performed on SDS 7% polyacrylamide gel containing 0.1% soluble xylan or 0.1% CMC, as described previously. 11) Native-PAGE was performed on a 7% polyacrylamide gel using the protocols of SDS-PAGE, but without SDS, -mercaptoethanol, or heat. All the culture supernatants were concentrated by freeze drying before they were subjected to native-PAGE, SDS-PAGE, and zymograms.
Results

Adherence of cells grown on various carbon sources to cellulose
Since cellulosome has been found to be responsible for cellular adherence to cellulose, 17) bacterial cells of P. curdlanolyticus B-6 grown on various carbon sources, harvested in the late exponential growth phase, were tested for adherence to cellulose. It was found that polysaccharides such as cellulose-, xylan-, corn hull-, and sugarcane bagasse-grown cells had excellent adhesion to cellulose, good adhesion to di-saccharide (cellobiose), and also fair adhesion to mono-saccharides (Table 1 ). In the late exponential growth phase, we did not detect any xylanolytic or cellulolytic enzyme activities in the culture supernatants under the assay conditions.
Effect of carbon sources on the production of xylanolytic and cellulolytic enzymes
After the late stationary growth phase of cultivation, xylanolytic and cellulolytic activities of P. curdlanolyticus B-6 were detected in the culture supernatant, because these enzymes were released into the medium from cell surfaces. 11) Hence the culture supernatants of strain B-6 grown on various carbon sources were determined in this phase for their effect on the induction of xylanolytic and cellulolytic enzymes ( Table 2 ). The highest xylanase activity was obtained when strain B-6 was grown on xylan. The highest CMCase, cellulase, and cellobiosidase activities were found in the culture grown on -cellulose. The culture supernatants from cells grown on cellobiose and xylose showed the highest -glucosidase and -xylosidase activities respectively. These results indicate that strain B-6 produced high xylanase activity when grown on cellulose and also produced cellulase when grown on xylan.
Comparative polypeptide and zymogram patterns of multienzyme complex
Culture supernatants in the late stationary growth phase of P. curdlanolyticus B-6 grown on various carbon sources were analyzed by native-PAGE, SDS-PAGE, and zymograms. Native-PAGE analysis showed the presence of two protein bands at the top of the gel, which was the same pattern for all carbon sources tested ( Fig. 1 ). SDS-PAGE showed at least 18 proteins with quite similar patterns for each carbon source in a molecular weight range, of 29 kDa to 224 kDa, but the concentration of some protein bands in each carbon source was different ( Fig. 2) . These results indicate that these protein subunits were assembled into the two protein bands.
Zymogram analysis of xylanase in the culture supernatant of P. curdlanolyticus B-6 grown on xylan exhibited the highest number, at least 15 bands of xylanase (designated X224, X216, X201, X187, X157, X127, X102, X95, X89, X80, X63, X48, X37, X32, and X29) (Fig. 3B, lane 7) . Zymograms of xylanase of strain B-6 grown on cellulose, corn hull, and sugarcane bagasse showed very similar patterns, with at least 13 xylanase bands, in which xylanases X32 and X29 were not detected (Fig. 3B, lane 6 and Fig. 3C, lanes 8 and 9) as compared to a zymogram of a culture supernatant of the cells grown on xylan. The culture supernatant of strain B-6 grown on L-arabinose, D-galactose, D-glucose, and D-xylose showed the same pattern, with at least 9 xylanase bands, including X224, X216, X201, X187, X127, X102, X89, X80, and X63 (Fig. 3A, lanes 1-4) , while that grown on cellobiose (Fig. 3A, lane 5) showed at least 11 xylanase bands, in which xylanases X95 and X48 were detected (as compared to those produced by monomeric sugars).
Zymogram analysis of CMCase in the culture supernatant of P. curdlanolyticus B-6 grown on cellulose (Fig. 4B, lane 6) exhibited the highest number of bands, at least 11, of CMCase including C216, C201, C187, C174, C157, C127, C102, C95, C89, C80, and C63, which were the same as the culture supernatant of strain B-6 grown using corn hull or sugarcane bagasse as carbon source (Fig. 4C, lanes 8 and 9) . Strain B-6 grown on xylan showed at least 9 CMCase bands (Fig. 4B,  lane 7) , which did not contain C102 or C63. The culture supernatants of strain B-6 grown on monomeric sugars (L-arabinose, D-galactose, D-glucose, and D-xylose) showed similar patterns, with at least 7 CMCase bands, including C216, C201, C187, C174, C157, C127, and C95 (Fig. 4A, lanes 1-4) . On the other hand, cellobiose (Fig. 4A , lane 5) gave at least 8 CMCase bands, in which CMCase C80 was detected, although it was missing in the culture supernatant of strain B-6 grown on monomeric sugars.
Eight high-molecular-mass proteins, P216, P201, P187, P157, P95, P89, P80, and P63, showed both xylanase and cellulase activities, and might be bifunc- Under the conditions shown in Fig. 1 . tional enzymes, whereas proteins P56, P50, and P44 exhibited no activity on either zymogram, and might be enzymes active toward substrates other than xylan and cellulose and/or non-catalytic proteins, e.g., xylan-and cellulose-binding proteins. A summary of protein, xylanase and CMCase patterns on SDS-PAGE and zymograms in culture supernatants of P. curdlanolyticus strain B-6 grown on various carbon sources is shown in Table 3 .
Discussion
Since, during the growth of cellulosome-producing bacteria, the cellulosome is attached to cell surfaces 5, 7, 8) and the bacterium is held tightly to the cellulose substrate through a cellulose-binding domain present on the cellulosome, P. curdlanolyticus B-6 cells grown on various carbon sources under aerobic conditions were tested for adhesion to cellulose. We found that cells Under the conditions shown in Fig. 1 . Total  protein band  18  18  18  18  18  18  19  18  18   Total  xylanase band  9  9  9  9  11  13  15  13  13   Total  CMCase band  7  7  7  7  8  11  9 11 11 Ã Xylanase zymogram; +, a clear band appeared; À, no clear band ÃÃ CMCase zymogram; +, a clear band appeared; À, no clear band grown on all carbon sources adhered to cellulose. These results indicate that strain B-6 must have an essential component such as a cellulose-binding protein on the cell surface responsible for anchoring the cells to the surface of cellulose when grown on various carbon sources. There are similar reports of the adhesion of cellulosome-producing anaerobic bacterial cells, such as C. thermocellum, 17) Ruminococus albus, 18) and Bacteroides sp. P-1, 13) to cellulose, but only a few multienzyme complex systems of bacteria under aerobic conditions were expected to be involved in the adhesion of cells to celluloses. 11) The adhesion appeared by means of protuberant structures on the cell surface, in which multienzyme complexes were designed for efficient binding to and hydrolysis of the substrates. The multienzyme complex mediated incubation between cells and substrates to minimize diffusion loss of hydrolytic products, which is a major advantage of attached cells. 7, 19) Hence strain B-6 might produce multienzme complexes of xylanolytic and cellulolytic enzymes on cell surfaces to adhere the cells to cellulose, but the ability of strain B-6 cells to adhere to cellulose was affected by the growth substrates. Cells grown on pure polysaccharides and lignocelluloses appeared to have more potential to adhere to cellulose than cells grown on di-or mono-saccharides.
The effect of the carbon source on the production of extracellular enzymes in P. curdlanolyticus B-6 was determined. It was found that xylan is the best carbon source to cause P. curdlanolyticus B-6 to produce high xylanase activity. Since xylan, a high molecular mass polymer, cannot penetrate cell wall envelopes, extracellular constitutive xylanases might react with xylan to produce the series of xylooligosaccharides including dimer and short chain xylooligosaccharides, that enter the cells and affect the induction of xylanolytic enzymes. 20) Induction of cellulolytic enzymes by cellulose occurs in the same manner as those of xylan. 21) Strain B-6 produced high -xylosidase activities when grown on xylose as sole carbon source, as Thermotoga thermarum, 22) Aspergillus nidulans, 23) and Aspergillus versicolor 24) have been reported to produce -xylosidase on xylose. A high level of -glucosidase was induced by cellobiose similarly to Humicola grisea 25) and Kluyveromyces marxianus. 26) We noted that strain B-6 produced high xylanase activity when grown on cellulose, and also produced cellulase activity when grown on xylan. Furthermore, cellulose, xylan, and a variety of their catabolites are all apparently able to induce synthesis of both classes of enzymes. Strain B-6 also produced satisfactory amounts of both xylanolytic and cellulolytic enzymes when grown on lignocellulosic substances, which contain both cellulose and xylan, especially when using corn hull as a carbon source. In this study, we identified the possibility of using corn hull as a sole carbon source to produce multienzyme complexes with high xylanolytic and cellulolytic activities to reduce costs. Using agricultural waste as a carbon source is inexpensive and carries economic and environmental benefits.
P. curdlanolyticus B-6 grown on various carbon sources under aerobic conditions produced two protein bands on native-PAGE. They consisted of many protein subunits (approximately 18 subunits in a molecular weight range, of 29 kDa to 224 kDa). The appearance of proteins on native-and SDS-PAGE, multiple xylanases, and CMCases on zymograms and xylanolytic and cellulolytic enzymes from the enzyme assays indicates that the enzymatic subunits and non-enzymatic subunits in the culture supernatant were assembled into two multienzyme complexes.
Many investigators have reported that the components of cellulase systems in cellulolytic clostridia and other anaerobic bacteria are organized as aggregates, referred to as cellulosomes. These cellulosomes have been found to be multiprotein complexes containing catalytic and non-catalytic polypeptide subunits, such as the cellulosomes of C. thermocellum strain YS, 3) C. thermocellum strain JM20, 27) C. papyrosolvens C7, 28) C. cellulolyticum, 29) and Ruminococcus albus. 30) P. curdlanolyticus B-6 produced at least 9 xylanase species, X224, X216, X201, X187, X127, X102, X89, X80, and X63, and at least 7 CMCase species, C216, C201, C187, C174, C157, C127, and C95, when grown on all carbon sources tested, including mono-saccharides. Hence these enzymes must be constitutive enzymes. On the other hand, X95, X48, and C80 were not found in the media containing monomeric sugars. Hence they must be induced by cellobiose or other oligosaccharides, hydrolysis products of polymeric substances. X157, X37, and C89 were induced only by pure polymeric and lignocellulosic substances, while X32 and X29 were induced only by xylooligosaccharides, xylan hydrolysis products. C102 and C63 were induced only by cellooligosaccharides from cellulose and lignocellulosic substances. These results reveal that the subunits expressed in the multienzyme complexes of strain B-6 depended on the growth substrates. These observations are consistent with previous reports that the enzymatic activities and enzyme compositions of the cellulosomes of C. thermocellum, [31] [32] [33] C. cellulolyticum, 29) and C. cellulovorans [34] [35] [36] and the xylanosome of S. olivaceoviridis E-86 6) were affected by carbon sources in the media.
High molecular weight proteins from P. curdlanolyticus B-6 are perhaps core proteins of multienzyme complexes that integrate the various subunit compositions into the complexes. The core proteins might act as scaffolding protein for cellulosome, but they differ from most scaffolding in that they showed catalytic activity. The core proteins of multienzyme complexes from P. curdlanolyticus B-6 might also contain catalytic domains and might be similar to the scaffolding of Acetivibrio cellulolyticus cellulosome, containing a family 9 glycosyl hydrolase. 37) Currently, we are searching for the core proteins of multienzyme complexes of P. curdlanolyticus B-6.
It has been reported that the synthesis of cellulosome assemblies by some anaerobic bacteria requires the presence of crystalline cellulose under anaerobic conditions and hardly occurs when they are grown on glucose or other soluble carbohydrates. 7) Some strains of C. thermocellum, 31, 32) however, can induce cellulosome synthesis when grown on cellobiose. P. curdlanolyticus B-6 differs from most cellulosome-producing microorganisms in that it produces multienzyme complexes when grown on both polymeric substances and soluble sugars, under aerobic conditions. Therefore, the mechanism of multienzyme complex formation by strain B-6 must be different from that of other microorganisms.
